The boreal forest is the world ' s largest terrestrial biome, covering all continents in the northern hemisphere. Much research has focused on the effects of forest management and climate change on biodiversity and ecosystem level processes of the boreal forest. However, even though climate change and the increasing rate of resource exploitation are likely to intensify the arrival and establishment of exotic species with the potential to become invasive, the boreal forest continues to be viewed as inhospitable to incoming species and we have little understanding of its invasive species status. We reviewed the literature and compiled information on the current status of invasive species across all taxa present in the North American boreal forest. We found that an increasing number of exotic plants, insects, earthworms, slugs and pathogens are establishing in the boreal forest. Research is scarce and their ecological effects are poorly understood. However, given that some of the reported species represent a major driver of change in many ecosystems globally, we expect that this review will provide direction for invasive species research as well as preventative measures aimed at better understanding and conserving Earth ' s largest terrestrial biome.
Introduction
A multistage process comprising five steps has been generally employed in commercial micropropagation (Debergh and Read, 1991) . These steps include a preparative stage, establishment of viable culture, proliferation, production of cutting or plantlets and establishment of the plantlets produced in the greenhouse. Each step requires optimization which must be solved empirically (Stasolla and Thorpe, 2010) . But, improvements at one step may decrease the success at others; thus, changes to protocols have to be considered in the context of the entire process.
The in vitro regeneration of plantlets in conifers can proceed through two pathways, somatic embryogenesis and shoot organogenesis. Somatic embryogenesis in conifers has been widely reported in the past few years (von Arnold et al., 2005; Klimaszewska et al., 2007) . Some problems associated to this technology are a narrow competence window for initiation of the embryogenic tissue (MacKay et al., 2006) and, sometimes, limited success in the maturation of embryogenic tissue into cotyledonary somatic embryos (Nehra et al., 2005) . For these reasons, the production of clonal plants from seeds via organogenesis has been studied for several conifers in the last 30 years (von Arnold and Hawes, 1989; Nugent et al., 2001; Tang and Newton, 2005) .
In 1957, Skoog and Miller (1957) proposed that a balance between auxin and cytokinin determines the morphogenic competence of an explant in in vitro culture. Manipulation of the composition and ratio of these plant growth regulators inside the tissue is often the primary empirical approach to the optimization of in vitro culture. During this process of plant growth regulator optimization, abnormal or unusual organ development is often observed 
Summary
The aim of this study was to assess the effect of cytokinins not commonly used for shoot induction from zygotic embryos of Pinus radiata D. Don. The influence of in vitro shoot and root induction treatments on the subsequent ex vitro development of the regenerated plants was also tested. Embryos were cultured with benzyladenine (BA), thidiazuron (T) and two cytokinins not previously assayed in radiata pine organogenesis (meta-topolin (m-T) and zeatin (Z)) in a range of concentrations and induction periods. Shoot induction treatments were assayed in seeds from different geographical origins to obtain wider conclusions. We analysed the effect of these cytokinin treatments on in vitro rooting with different auxins ((indole-3-butyric acid (IBA) and 1-naphtalene acetic acid (NAA)) and the traditionally used mixture. After in vitro rooting, the plantlets were acclimatized and their ex vitro behaviour was evaluated. Shoot induction treatments with 1 μM BA for 2 weeks, 4.4 μM BA for 3 weeks or 1 μM Z for 3 weeks were more effective than the other treatments. An interaction between in vitro shoot and root induction treatments was observed. IBA was more efficient for plant production because the explants rooted in this auxin had better survival rates in the greenhouse.
Introduction
The boreal forest is the world ' s largest terrestrial biome, covering all continents in the northern hemisphere between the latitudes of 50 ° and 60 ° . Representing nearly 25 per cent of the world ' s forest canopy, the boreal forest provides habitats for a wide variety of organisms ( Chapin and Danell, 2001 ) and plays a key role in regulating the planet ' s most important biogeochemical cycles ( Volney and Fleming, 2000 ) . The boreal forest is also a key factor economically with an estimated value of $37.5 billion (Canadian) across all products extracted from the Canadian boreal forest annually. Moreover, an assessment of Canadian nonmarketable ecosystem goods and services was in the order of $93.2 billion ( Anielski and Wilson, 2003 ) .
Extensive research has focused on the effects of forest management and climate change on biodiversity and ecosystem level processes of the boreal forest (e.g. Volney and Fleming, 2000 ; Haeussler et al. , 2004 ) . However, despite the increasing rate and variety of human activities in the form of silviculture and other resource exploitation (e.g. mining, oil and gas extraction), which are likely to intensify the arrival and establishment of exotic species with the potential to become invasive (defi ned here as those species capable of causing detrimental effects to native biodiversity and ecosystem goods and services), we have little understanding of the status of invasive species in the boreal forest. Most likely, this is because the relatively extreme climate, low biodiversity and poor resource availability of the boreal forest have long been viewed as hostile to introduced species. In addition, much of the forest remains relatively undisturbed, thereby reducing the susceptibility to exotic species establishment and spread ( Liebhold et al. , 1995 ) . Another possibility for the limited knowledge on invasive species in the boreal forest may be its distance from most research centres. Therefore, it might be that The last great forest: a review of the status of invasive species in the North American boreal forest 330 FORESTRY FORESTRY 2 researchers are simply not looking. A search on Web of Science for ' invas* ' AND ' boreal ' spanning from 1864 to 2011 resulted in 288 papers, with the fi rst published in 1964. However, the large majority of these papers address invasive species in the boreal forest very indirectly.
Species richness in the boreal forest is signifi cantly lower in comparison to lower latitude forests ( Elliott-Fisk, 1988 ) and the species are often highly adaptable, occupying a larger proportion of their fundamental niches ( Larsen, 1980 ) . However, while it is certain that the number of invasive species is greater in warmer climates, this may not necessarily mean that their overall impacts on species diversity and ecosystem processes are greater than those caused by a smaller number of species in northern latitudes. Moreover, considering that species are moving north at an average of 16.9 km per decade in response to climate change ( Chen et al. , 2011 ) , it is likely that more exotic species introductions will occur in the north.
In this review , we aim to determine the current status of invasive species present in the North American boreal forest across all taxa and identify factors that are likely to either increase or limit their abundance and spread. Considering that invasive species represent a major driver of change in many ecosystems globally ( Vitousek et al. , 1996 ) and that the number of invasive species is positively correlated with economic growth and environmental exploitation, we believe that this review is timely and will contribute to fi ll in an important gap in the literature.
Exotic plants
Compared with other biomes, boreal forest invasion by exotic plants is small. Fast-growing plant species are not well adapted to the low light, low levels of nutrients and low pH found in the primarily podzolic soils of the boreal forest ( Grime, 1979 ) (also see reports by Conn et al. (2008) on Melilotus alba Medik. and M. offi cinalis L.). Moreover, in resource-limited habitats, such as those found in the boreal forest, native species tend to be favoured over exotics in terms of recruitment, survival and growth ( Daehler, 2003 ) . Other factors adding to the relative resistance of the boreal forest to exotic plant invasions are distance from seed source populations, absence of agriculture and relatively low levels of anthropogenic disturbance ( Carlson and Shephard, 2007 ) . A distinctive feature of the boreal forest is that non-vascular plants such as mosses, feathermosses and liverworts make up a large component of the plant community ( Elliott -Fisk, 1988 ; Weber and van Cleve, 2005 ) and these species create a buffer against exotic plant establishment through ground cover, soil insulation and the resulting prevention of seed interaction with soils if germination occurs in the moss layer ( van der Wal et al. , 2001 ; van der Wal and Brooker, 2004 ; Villano, 2008 ) . Indeed, in Gros Morne National Park in Newfoundland, sites with higher numbers of exotic invasive plants were also found to have a lower abundance of non-vascular plants in comparison to un invaded sites ( Rose and Hermanutz, 2004 ). Despite the factors described above conferring resistance against incoming species, exotic plants are appearing at increasingly larger numbers in some parts of the North American boreal forest Line et al. , 2008 ) . Over 60 exotic plant species have established in the boreal area of Alaska ( Carlson and Shephard, 2007 ; Carlson et al. , 2008 ) , and as of 2011, this number has increased to 179 species according to the online mapping system EDDMaps ( http :// www . eddmaps . org / alaska / ). These plants are usually perennial, produce large amounts of seeds and show high competitive abilities ( Levine et al. , 2003 ) . However, very few have been found in undisturbed forested areas and even fewer may be considered invasive ( Sumners and Archibold, 2007 ) . For instance, red clover ( Trifolium pratense L.) and ragwort ( Senecio jacobaea L.) are shown to invade clearcuts, but there is no current indication of negative effects to the productivity of adjacent forests . A study of harvesting treatments on burned boreal forest sites in Alberta reported few exotic species present amid many natives and those species were not regarded with any degree of concern ( Macdonald, 2007 ) . A study from boreal Saskatchewan reported only two exotic species present close to roads or resorts: Canada bluegrass ( Poa compressa L.) and common dandelion ( Taraxacum offi cinale , F.H. Wigg.) ( Sumners and Archibold, 2007 ) .
Evidently, many of the exotic species presently found in the boreal forest were introduced as part of revegetation efforts designed to stabilize soil and prevent erosion after large-scale disturbance. For example, in an attempt to minimize soil erosion on the Norman Wells pipeline that runs through areas of the western boreal forest, the area contiguous to the pipeline was reseeded with mixtures containing native and exotic species ( Cody et al. , 2000 ) . Although the majority of exotic species used have not been found to spread deep into the boreal forest, this type of mitigation approach represents a source of exotic species that may eventually disperse to other areas. Likewise, the reseeding of roadsides in boreal Saskatchewan was probably responsible for the initial introduction and persistence of several exotic species. Even though, of those species, only smooth brome ( Bromus inermis Leyss.) is considered to be a potential invader and exotic plant density was found to decline with distance from the roads ( Sumners and Archibold, 2007 ) , plants located along roadsides constitute a novel source for potential future invasions and the roads themselves represent an invasion corridor ( Mortensen et al. , 2009 ) .
Exotic invasive plants can reduce the fi tness and growth of resident natives, alter nutrient cycles and increase primary productivity ( Vilà et al. , 2011 ) , all factors that can lead to changes in ecosystem functioning. Under certain scenarios , some exotic plant species may present a putative threat to boreal forest productivity and biodiversity. The narrowleaf hawksbeard ( Crepis tectorum L.) has been shown to prevent native species re -establishment after fi re ( Villano, 2008 as cited by; Carlson et al. , 2008 ) . The bull thistle ( Cirsium vulgare (Savi) Ten.) can compete with conifer seedlings during regeneration in clear-cuts ( Randall and Rejmánek, 1993 ) and Tatarian honeysuckle ( Lonicera tatarica L.) has been shown to reduce tree regeneration and interfere
with forest succession ( Batcher and Stiles, 2000 ) . Canada thistle ( Cirsium arvense (L.) Scop.) is becoming prevalent in the boreal forest as a result of disturbance and it may affect balsam fi r ( Abies balsamea (L.) Mill.) regeneration by causing reductions in seedling emergence. Nevertheless, the emerging seeds benefi t from some protection against grazing by the thistles ( Humber and Hermanutz, 2011 ) . Since nitrogen (N) is highly limiting in the boreal forest ( Hobbie, 1992 ) , N 2 -fi xing species can particularly affect forest ecosystem productivity, biodiversity and functioning ( Vilà et al. , 2011 ) . Moreover, their litter represents an added source of N to soils, which may facilitate the invasion and establishment of other exotic species in the boreal forest ( Maron and Connors, 1996 ) . Bird vetch ( Vicia cracca L.), which is becoming more widespread in Alaska, is known to cause branch dieback in young conifers through its smothering growth and may also affect conifer regeneration. Its movement from roadsides and power lines into undisturbed forests makes it a species of concern ( Buchholdt et al. , 2010 ) . The Siberian peashrub ( Caragana arborescens Lam.) is another N 2 -fi xing exotic boreal forest invader with a smothering/shading growth pattern, high competitiveness and the capacity to form dense stands ( Cortés-Burns et al. , 2007 ; Carlson et al. , 2008 ) . The potential impact of exotic N 2 -fi xing species becoming prevalent in the boreal forest should not be ignored, particularly in relation to shifts in plant community composition that may over time alter soil properties due to differences in leaf litter input ( Rose and Hermanutz, 2004 ) .
Allelopathy is another factor that may be important for the establishment of exotic plant species in the extreme and highly competitive boreal forest environment ( Hierro and Callaway, 2003 ; Haig, 2008 ) . Spotted knapweed ( Centaurea biebersteinii DC.) is an exotic species present in the boreal forest that has demonstrated allelopathic effects on native plant species ' germination and growth ( Bais et al. , 2003 ) . This species has been found in open forests and could therefore become invasive in boreal forest ecosystems . Canada thistle may also rely on allelopathy to compete with native species. It has been shown that allelopathic compounds reduce seedling performance in regenerating balsam fi r stands dominated by thistle in Newfoundland ( Humber and Hermanutz, 2011 ) .
In conclusion, despite the increasing numbers of exotic plants, the boreal forest is not affected by a large number of invasive plant species. Most current exotic species in boreal areas are opportunistic weedy species that apparently persist without causing detrimental effects to ecosystem processes. However, we recommend that the population densities of Siberian peashrub, narrowleaf hawksbeard, bird vetch, Canada thistle and spotted knapweed should be monitored and possibly controlled due to their capacity to interfere with forest regeneration.
Insects
Given the economic importance of timber forest products from boreal areas, exotic invasive insects capable of causing tree mortality or deformation are of great concern ( Volney and Fleming, 2000 ) . Most invasive insects currently found in the North American boreal forest originate from Europe. The reasons for such a unidirectional trend are not well understood. However, the higher latitudinal range of the European boreal forest compared with that of the North American boreal forest has been proposed as the reason for why European insects invade North America so successfully. Insects often rely on external cues such as photoperiod to emerge or enter diapause states ( Danks, 1987 ) , and European boreal forest insects can more readily adapt to the slightly longer photoperiod found in North American forests during the winter. Diapause is still initiated by shorter day length but is broken earlier in the year than in their native habitat, increasing the insect ' s growing season ( Niemelä and Mattson, 1996 ) .
Exotic insects invading the North American boreal forest are primarily defoliator species. Five species of exotic defoliating European sawfl y that attack birch ( Betula spp.) and alder ( Alnus spp.) have been found in the boreal forest region of Canada and Alaska ( Schrader and Hennon, 2005 ; Digweed et al. , 2009 ) . These species are the late birch leaf edgeminer ( Heterarthrus nemoratus Fall.), the birch leafminer ( Fenusa pusilla Lep.), ambermarked birch leafminer ( Profenusa thomsoni Konow), the early birch leaf edgeminer ( Fenusella nana Klug) and Scolioneura vicina Konow, with the ambermarked birch leafminer as the most prevalent species ( Digweed et al. , 2009 ) . While some species of sawfl ies actively disperse to new areas, in others , the females are incapable of long fl ights and movement to new uninfested regions depends on various vectors such as transport by vehicle or by infesting plant host material ( Digweed and Langor, 2004 ; Snyder et al. , 2007 ) .
Defoliators cause declines in leaf productivity and leaf death, thereby weakening the tree ( Filion and Cournoyer, 1995 ; Digweed et al. , 2009 ) . In some cases, extreme defoliation can lead to tree death and species replacement, although it may take several outbreaks for this to occur. Defoliation of tamarack larch ( Larix laricina (Du Roi) K. Koch) by the larch sawfl y ( Pristiphora erichsonii Htg.) at a site in Quebec resulted in larch mortality and the alteration of a larch-black spruce ( Picea mariana Mill.) forest into a black spruce-dominated forest ( Jardon et al. , 1994 ) . A similar occurrence was reported in Alaska ( Werner et al. , 2006 ) . In other cases, chronic defoliation can make the tree more susceptible to deadly opportunistic infections ( Hoch et al. , 2000 ) . Although exotic defoliators may not be as immediately detrimental to trees as wood-boring insects, they may still result in signifi cant ecosystem alterations.
Additional exotic insect species in the North American boreal forest consist of the balsam woolly adelgid ( Adelges piceae Ratz.), the woolly alder sawfl y ( Eriocampa ovate L.), the birch-aspen leafroller ( Epinotia solandriana L.), the birch casebearer ( Coleophora serratella L.), the European yellow underwing moth ( Noctua pronuba L.), the European pine sawfl y ( Neodiprion sertifer Geoffr.) and the spruce aphid ( Elatobium abietinum Walk .) ( McGauley and Kirby, 1991 ; Hall, 1995 ; Schrader and Hennon, 2005 ; Buchholdt et al. , 2010 ; Nishimura and Laroque, 332 FORESTRY FORESTRY 4 2010 ). Ecological impacts of these species are variable. For example, the European pine sawfl y feeds on multiple species of pine and although it weakens the tree through defoliation, it is rarely deadly ( McGauley and Kirby, 1991 ) . Conversely, the balsam woolly adelgid can deform or kill commercially important species such as balsam fi r ( Hall et al. , 1998 ) . Research on these exotic species in the boreal forest has been limited. However, the most severe insect species currently found in the boreal forest is the native spruce budworm ( Choristoneura fumiferana Clem.), which is the focus of most Canadian forest pest insect research ( Volney and Fleming, 2000 ) .
In an attempt to prevent novel introductions and the spread of exotic insect species, quarantine measures have been implemented and early detection strategies are strongly recommended ( Allen and Humble, 2002 ; Ottens et al. 2005 ) . Species such as the brown spruce longhorn beetle ( Tetropium fuscum F.) that kills spruce trees ( Ottens et al. , 2005 ) , the pine shoot beetle ( Tomicus piniperda L.) which has recently moved from pine plantations to nearby forests ( Humphreys and Allen, 1998 ) and the sirex wood wasp ( Sirex noctilio F.) which attacks pine species and is likely to survive the boreal climate in certain regions ( Carnegie et al. , 2006 ) all have the potential to devastate the boreal forest both ecologically and economically if they manage to migrate to the boreal forest from southern areas of North America.
Exotic earthworms
Invasion of northern forests by exotic earthworm species is starting to receive greater interest and attention. Earthworms have been named ' ecosystem engineers ' ( Jones et al. , 1994 ) due to their ability to alter soil properties, change nutrient cycles and affect native plant biodiversity ( Migge-Kleian et al. , 2006 ; Eisenhauer et al. , 2007 ) . It has been suggested that the geographical range of earthworms is limited by temperature and soil pH, rendering the boreal forest, with its cold winters and acidic soils, impervious to invasion ( Chan and Mead, 2003 ; Addison, 2009 ). However, although most studies on earthworm invasion have been limited to temperate ecosystems ( Bohlen et al. , 2004a ; Hale et al. , 2006 ) , studies from boreal forest locations that include sites in Quebec, Ontario and Alberta are starting to appear in the scientifi c literature ( Cameron et al. , 2007 ; Addison, 2009 ; Moore et al. , 2009 ) .
Exotic earthworms in North America originate mainly from Europe and were introduced and dispersed by humans as agricultural products, fi shing bait and along roadsides ( Reynolds, 1977 ) . Species of exotic earthworms found in the boreal forest include Aporrectodea tuberculata Eisen, A. turgida Eisen, A. rosea Sav., A. trapezoides Dugès, Dendrobaena octaedra Sav., Dendrodrilus rubidus Sav., Eisenia fetida Sav., Eiseniella tetraedra Sav., Lumbricus castaneus Sav., L. rubellus Hoff., L. terrestris L., and Octolasion tyrtaeum Sav. ( Ferguson, 2004 ; Cameron et al. , 2007 ; Addison, 2009 ; Moore et al. , 2009 ) . A positive correlation between the presence of these species and proximity to roads and boat launch areas has been shown ( Cameron et al. , 2007 ) , as well as between the number of worms and the age of the road examined ( Cameron and Bayne, 2009 ). This in combination with evidence that worm migration is limited to 5 -10 m year − 1 ( Marinissen and van den Bosch, 1992 ) suggests that humans are the main drivers of earthworm dispersal . Primary mechanisms of arrival include worms being carried as either adults or egg cocoons in mud stuck to vehicles (vehicular dispersal) and released as fi shing bait ( Cameron et al. , 2007 ; Moore et al. , 2009 ) . Although the majority of these studies are located in northern Alberta, the results could be applied to other areas of the boreal forest when assessing earthworm dispersal mechanisms.
The type of ecological or functional strategy of earthworm species determines the type and magnitude of effects they have on soils and, consequently, overall changes to ecosystem functioning ( Bouché, 1977 ; Brown, 1995 ) . Epigeic or litter dwelling and epi endogeic species inhabit and utilize plant litter and carbon-rich upper soil layers. Endogeic species are mineral soil inhabitants that feed on soil mixed with organic residues, thereby changing the physical, chemical and biotic characteristics of soils. Anecic species move vertically between the organic layer and lower mineral layers, pulling leaf litter from the surface down to the mineral layer ( Addison, 2009 ) . In a study conducted in the Kananaskis Valley of Alberta, all three functional categories of earthworms were found; epigeic species had the least impact on soil properties, whereas the anecic species were shown to break down the entire forest fl oor litter and cause the highest amount of soil mixing ( Eisenhauer et al. , 2007 ) .
Epigeic species are usually the fi rst to establish in a new forest area, probably because they are easily transported and can exploit undisturbed forest fl oors ( Dymond et al. , 1997 ; Hale et al. , 2005a ) . They may then facilitate invasion by other functional categories of earthworms, which require a ' worm-worked ' forest fl oor to be able to establish effectively ( Hale et al. , 2005a ; Addison, 2009 ) . Studies have confi rmed that the presence of all three functional categories cause the greatest changes to the soil profi le as opposed to just one group operating alone in a forest ecosystem ( Hale et al. , 2005a ( Hale et al. , , 2008 .
Studies on nutrient cycling responses to earthworm invasions in the boreal forest are lacking. However, considering its generally nutrient poor soils ( Hobbie, 1992 ) , any alterations to nutrient availability are expected to produce signifi cant change. The results of several studies in temperate ecosystems have shown that earthworms increase, decrease or have no impact on the levels of soil phosphorus (P), N and carbon (C) ( Suárez et al. , 2004 ; Bohlen et al. , 2004b ; Hale et al. , 2005b ) . Responses appear to be complex and dependent on edaphic properties, including whether the soil was undisturbed prior to invasion ( Bohlen et al. , 2004b ) .
Earthworm activity can be associated with reduced fi ne root biomass Hale et al. , 2005b ) , which may have an effect on root functions and impacts on plant productivity. Also, a study of sugar maples and earthworm invasion indicated that there were signifi cantly fewer arbuscular mycorrhizal associations in the presence of earthworms, possibly due to the disruption of mycelium ( Lawrence et al. , 2003 ) . Boreal forest plants rely primarily on ectomycorrhiza, and in the case of ericaceous shrubs, on ericoid mycorrhiza, for nutrient acquisition; up to 86 per cent of plant N acquisition in the boreal forest has been shown to occur through ectomycorrhizal associations ( Hobbie, 1992 ; Read and Perez-Moreno, 2003 ; Hobbie and Hobbie, 2006 ) . Although there are no studies available on the putative effects of earthworm activity on ectomycorrhizal fungi, a relationship between soil horizon and the species composition of ectomycorrhizae has been found in boreal forest soils ( Rosling et al. , 2003 ) . Therefore, earthworm mixing of soil horizons may significantly change host nutrient acquisition through shifts in ectomycorrhizal community structure. In addition, since ectomycorrhizal fungi appear to play an important role in organic matter decomposition in the boreal forest ( Read and Perez-Moreno, 2003 ) , decreases in ectomycorrhizal abundance due to earthworms could impact overall nutrient cycling. Future studies should address these so far un tested hypotheses. Native plant communities containing species not adapted to earthworm-mediated soil alterations can suffer decreases in overall biomass and fi tness ( Gundale, 2002 ; Hale et al. , 2006 Hale et al. , , 2008 Holdsworth et al. , 2007 ) . Conversely, it is likely that the presence of exotic earthworms improves the establishment of co adapted exotic invasive plant species from the worms ' native range . However, studies on the relationship between invasive earthworms and invasive plant success have not been conducted in a boreal forest scenario and few exist even for temperate systems, thus representing a wide area for potential studies.
In addition to the proposed avenues of study, it will be important to assess which boreal forest habitats are most susceptible to invasion. Cold tolerance varies between earthworm species ( Dymond et al. , 1997 ) as does tolerance to acidic soils ( Tiunov et al. , 2006 ) . Thus, higher latitude forests may be protected against all but the most tolerant species due to inhospitable soil conditions and climate, whereas southern areas may be more vulnerable to earthworm invasions. Currently, most earthworm invasions of the boreal forest have been found in mixed-wood environments that contain aspen ( Populus tremuloides Michx.), poplar ( Populus balsamifera L.) and birch species in addition to conifers ( Ferguson, 2004 ; Cameron et al. , 2007 ; Addison, 2009 ; Moore et al. , 2009 ) . This is in agreement with comparative habitats in Europe where most earthworm species are found in secondary deciduous or mixedwood forests ( Tiunov et al. , 2006 ) . This is likely to be dependent on litter palatability and the soil pH associated with deciduous as opposed to coniferous trees. Litter from deciduous trees is higher in nutrients and generally, with the exception of a few select species (e.g. aspen), easier to break down than litter from coniferous trees ( Prescott et al. , 2000 ) . Therefore, it represents a more digestible food source, rendering areas of the boreal forest with at least some percentage of deciduous species more susceptible to earthworm invasion.
Boreal forest-based studies have focused on how the earthworm invasion is spreading (e.g. Cameron et al. , 2007 ) ; work on ecological impacts of invasion remains scarce (e.g. McLean and Parkinson, 1997 ) . This is likely the result of the invasion being a relatively recent one. However, such novelty is precisely what makes this invasion an invaluable area for study across disciplines at multiple temporal and spatial scales.
Exotic slugs
Slug is a common name for any shell-less gastropod. Although they represent a group that traditionally receives less attention than most others, we found that research on invasive slugs in the boreal forest has become more prevalent in recent years. Exotic species of slugs found in areas of the North American boreal forest include Arion hortensis Fer., Carinarion fasciatus Nilsson, Deroceras reticulatum Mull., and, most abundantly, Arion subfuscus Drap. ( Côté et al. , 2005 ; Moss and Hermanutz, 2010 ) . Known to promote C, N and P cycling within ecosystems ( Theenhaus and Scheu, 1996 ) , slug species have been found in spruceassociated lichens and mosses as well as in burned areas of Eastern Quebec and Newfoundland, indicating high phenotypic plasticity for habitat requirements ( Côté et al. , 2005 ; Moss and Hermanutz, 2010 ) . However, studies of slug abundance and habitat distribution across the North American boreal forest have not been conducted and their ecological impacts remain, for the most part, unknown. Studies from other systems indicate that slugs can change plant community composition and alter species richness through selective herbivory ( Wilby and Brown, 2001 ) . Such selectivity consists of grazing on endangered species of lichens ( Cameron, 2009 ) and in the Swedish and North American boreal forest, slugs were found feeding on conifer seedlings in regenerating forest areas, resulting in seedling mortality Granström, 1997 , 2000 ; Côté et al. , 2005 ) . Considering the increasing silviculture and fi re activity in the boreal forest, slugs may thus be a critical and yet over looked factor in regeneration processes.
Exotic invasive slug species may facilitate exotic plants by preferentially feeding on native species ( Joe and Daehler, 2008 ) . For instance, a study conducted by Hahn et al. (2011) in the temperate forest showed that the invasive slug D . reticulatum did not consume garlic mustard ( Alliaria petiolata M. Bieb.) in herbivory trials, preferring native herbaceous species instead. In addition, exotic plants may act as suitable shelter against predators and therefore provide slugs with privileged access to neighbouring native plant populations in newly invaded areas ( Sessions and Kelly, 2002 ) . Based on these data , we hypothesize that selective herbivory could be selecting for exotic plant dominance in the boreal forest. In contrast, many of the plants invading the boreal forest are early successional species, which have been shown to represent a preferred food choice for slugs ( Cates and Orians, 1975 ) . In this respect, 334 FORESTRY FORESTRY 6 exotic slugs could potentially act as a form of biocontrol for invasive plants in the boreal forest. Clearly, knowledge of exotic slugs in the boreal forest is limited and further research should focus on determining their range expansion and ecological impacts.
Pathogens
There are two exotic tree diseases of current concern in the North American boreal forest : Scleroderris canker, caused by the introduced European strain of the fungal pathogen Gremmeniella abietina (Lagerb.) Morelet var. abietina ( Dorworth et al., 1977 ) , and white pine blister rust, caused by the rust fungus Cronartium ribicola Fisch . Genetic evidence of separate introductions of the European strain of G. abietina into Newfoundland and continental North America has been found, and researchers have identifi ed central Europe as the probable origin of some introductions ( Hamelin et al. , 1996 ( Hamelin et al. , , 1998 . Unlike the native North American strain of G. abietina var. abietina , which infects seedlings and branches under snow cover ( Marosy et al. , 1989 ) and is capable of killing trees up to 2 m in height, the European strain causes shoot blight, branch dieback, stem cankers and mortality to yellow pines ( Pinus subgenus Pinus ) ranging from seedlings to mature trees ( Lafl amme, 1991 ) . Among the North American boreal forest hosts of Scleroderris canker, red pine ( Pinus resinosa Aiton) is highly susceptible, while lodgepole pine ( Pinus contorta Douglas ex Loudon) and jack pine ( Pinus banksiana Lamb.) are considered comparatively resistant ( Lafl amme and Blais, 2000 ; Lafl amme et al. , 2006 ; Bernhold et al. , 2009 ) . Although the European strain of G. abietina is present in some eastern portions of the North American boreal forest, its impacts may be limited by two factors: the ranges and levels of susceptibility of its hosts and its means of spread. Its principal host, red pine, has a limited boreal forest range, extending into the southern portions of the boreal forest in Ontario and Quebec and a small isolated region of central Newfoundland. The natural mode of spread of the European strain of G. abietina var. abietina in North America is thought to be water-splashed conidia as opposed to the airborne ascospores commonly observed in northern Europe ( Hamelin et al. , 1998 ) . This difference may slow its progress across the range of even highly susceptible red pine, as observed by the successful eradication efforts in some infected stands in the Atlantic Provinces of Canada ( Warren et al. , 2011 ) . However, Venier et al. (1998) found that the temperature and moisture conditions required for infection were very favourable to the pathogen in the Ontario boreal forest, indicating that boreal red pine in Ontario are at high risk of disease if the pathogen is introduced.
A more serious threat is anthropogenic spread of the pathogen through distribution of infected planting stock and by movement of infected fi rewood. Currently , in Canada, federal legislation is in place governing the importation and domestic movement of plants and plant parts of Pinus spp. with the aim of controlling the spread of the European strain of G. abietina var. abietina ( Canadian Food Inspection Agency, 2011 ) . In spite of quarantines and regulations, the risk of further spread or introduction of the pathogen into previously uninfected regions remains. A major infection in a Newfoundland red pine plantation 400 km outside the quarantine zone, discovered in 2007, was probably introduced on fi rewood carried to the site from the quarantined zone ( Warren et al. , 2011 ) .
White pine blister rust, caused by C . ribicola , is an introduced disease of eastern white pine ( Pinus strobus L.), which is native to the southern portions of the boreal forest in Ontario, Quebec and Newfoundland ( Wendel and Smith, 1990 ) . White pine blister rust was accidentally introduced into eastern North America from Europe over 100 years ago ( Kinloch, 2003 ) . The disease has spread throughout the range of eastern white pine, causing high levels of mortality in plantations and natural stands ( Haddow, 1961 ; Morse, 1981 ; Canadian Forest Service, 1993 ; Pitt et al. , 2006 ) . White pine is declining in abundance across Ontario ( Pinto, 2003 ) , and blister rust is a major impediment to regenerating the species and restoring areas historically dominated by white pine in Ontario ( de Groot et al. , 2005 ) . Based on climatic conditions suitable for infection, most of the boreal range of eastern white pine is rated in the moderate and high/severe hazard levels for infection ( Gross, 1985 ; Lavallé, 1986 ) .
The long-term impacts of white pine blister rust on the boreal plant communities, wildlife and biodiversity are largely unexplored. As a foundation species , white pine exerts strong infl uence on population and community dynamics, modulates ecosystem processes such as energy and nutrient fl uxes, hydrology, food webs and biodiversity ( Ellison et al. , 2005 ) . For instance, in the Ontario , boreal forest maintenance of mature white pine on the landscape is essential to provision of habitat for the pine marten ( Martes americana Turt.) and the pileated woodpecker ( Dryocopus pileatus L.) ( Naylor et al. , 1996 ) . As such, we conclude more resources need to be made available towards the study and control of this pathogen as it threatens the sustainability of white pine in the eastern boreal forest.
Concluding remarks and future prospects
Our review of the literature revealed that despite its inhospitable climate and relative low human disturbance , the boreal forest is, indeed, invaded by many exotic species. Based on our literature search using the Web of Science, exotic plants, insects, earthworms, slugs and pathogens appear to be most prevalent exotic biota in the boreal forest. It is apparent that data are still limited and that we have a poor understanding of the ecological effects that extant invasive species may have on this important biome. However, given that some of the reported species represent a major driver of change in many ecosystems globally, we expect that this review will contribute to stimulating and directing invasive species research and conservation projects in the boreal forest. The boreal forest is frequently subjected to major natural disturbances such as fi res, native insect outbreaks and extreme weather conditions ( Haeussler et al. , 2002 ) . Although areas affected by natural disturbances have been shown to have higher levels of exotic plant species ( Rose and Hermanutz, 2004 ) , they are of minor importance compared with those affected by human activity. Clearly, many boreal forest species, such as ericoid shrubs, lichens and bryophytes are stress-tolerant (i.e. resilient), but once completely removed from a site , they are diffi cult to re-establish ( Grime, 1979 ; Haeussler et al. , 2002 ) , thus opening up habitats for other more opportunistic species. Therefore, as activities such as traditional clear-cut logging, resource extraction and the opening of new pathways (e.g. roads, pipelines) are expected to increase, so is the likelihood of exotic species arrival and establishment through niche creation, disruption of native species populations and propagule pressure ( Byers, 2002 ) . There is a propensity for exotic species propagules to enter and disperse through new pathways opened as a result of human activity (see sawfl ies ( Snyder et al. , 2007 ) , earthworms ( Cameron et al. , 2007 ) and plants ( Hendrickson et al. , 2005 ) ). Prevention measures including risk assessment of species likely to reach and establish in the boreal forest through the novel pathways should, in our view, be a priority.
Climate change is more pronounced at higher latitudes ( Holland and Bitz, 2003 ) , which may result in greater relative rates of exotic species introductions in the boreal forest in coming years. Exotic species tend to be better competitors (e.g. Vilà and Weiner, 2004 ) and more adaptable ( Prentis et al. , 2008 ) than native species. Therefore, they are potentially at an advantage under climate change as demonstrated by the slower migration rates shown by native relative to exotic species ( Malcolm et al. , 2002 ; van Grunsven et al. , 2007 ) . Moreover, whether the fewer invasive species currently found in northern latitudes are just as detrimental to biodiversity and ecosystem functioning as compared with the higher numbers in warmer climates is unknown. These themes remain largely unexplored in the boreal forest context. However, based on the information compiled here, which provides clear evidence for the presence of many exotic (and even some invasive) species in the boreal forest, we conclude that the time is right to address them. 
